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Low Energy Cosmic Ray Composition and Energy Spec t ra  

Measured i n  June, 1965 

D.  V .  Reames and C .  E.  F i c h t e l  
NASA, Goddard Space F l i g h t  Center,  Greenbel t ,  Maryland 

hi3 S1' RACY 

Sounding rocke t s  ca r ry ing  nuc lea r  e m u l s  i cns  t o  

study the  composition and energy s p e c t r a  of the  low energy 

cosmic r ays  were flown on June 1 7  and 2 3 ,  1965 from F o r t  

Church i l l ,  Canada. The r e s u l t s  show t h a t  t h e  i n t e n s i t y  

of t he  heavy n u c l e i  (Z 2 3 )  was about t h e  same a s  t h a t  i n  

J u l y ,  1964 and below t h a t  measured by o t h e r  observers  i n  

May and e a r l y  June 1965, before the  Forbush decrease  on 

June 15, 1965. The helium n u c l e i  f l u x  between 15 and 

22 MeV/nucleon was found t o  be s i g n i f i c a n t l y  lower on June 

1 7 ,  1965 immediately a f t e r  the Forbush decrease  than on 

June 2 3 ,  1965. The charge spectrum i n d i c a t e s  t h a t  i n  

the  r eg ion  from 40 t o  90 MeV/nucleon the  r a t i o  of l i g h t  t o  medium 

n u c l e i  f l uxes  i s  0.19 . 0 7 ,  w e l l  below t h e  va lue  of 0 .5  found a t  

i n t e rmed ia t e  ene rg ie s  (200 t o  400 MeV/nucleon) and t h s t  t h e  

carbon t o  oxygen r a t i o  i s  about 1 r a t h e r  than 1 . 6 ,  a s  

found a t  h ighe r  e n e r g i e s ,  A s t r o n g  p re fe rence  f o r  even 

n u c l e i  r e l a t i v e  t o  odd i s  seen f o r  charges 9 t o  14 i n  

the  60 t o  180 MeV/nucleon range. 
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I INTRODUCTION 

The composition and energy s p e c t r a  of t he  heavy ntizlei i n  the 

g a l a c t i c  cosmic r a d i a t i o n  a r e  of cons ide rab le  i n t e r e s t  because of 

the  in s igh t  which they provide i n t o  the  o r i g i n  and i n t e r s t e l l a r  

h i s t o r y  of the  cosmic r a d i a t i o n ,  I n  o rde r  t o  have s u f f i c i e n t  

information t o  make meaningful comparisons wi th  t h e o r e t i c a l  

p red ic t ions  and t o  i n d i c a t e  reasonabZe approaches f o r  f u r t h e r  

t h e o r e t i c a l  s t u d i e s ,  i t  is  necessary t o  know t h e  r e l a t i v e  abundances 

and energy s p e c t r a  of the  var ious  nuc lea r  spec ie s  over  a wt3a range 

of energ ies  

A c a r e f u l  examination of the problems of energy l o s s ,  f r ag -  

mentation and a c c e l e r a t i o n ,  both a t  the  source and p o s s i b l y  i r?  

i n t e r s t e l l a r  space ,  show t h a t  t h e  lowest energy reg ion  i s  perhaps 

the most s i g n i f i c a n t  because i t  i s  t h e r e  t h a t  d i f f e r e n c e s  i n  e-nergy 

s p e c t r a  and, hence, re l a  t ive  abundances would become nos t pronounced a 

The problem is complicated by the  s o l a r  modulation of t he  cosmic 

r a d i a t i o n ,  b u t  i t  is be l ieved  t h a t  the  s o l a r  environment only e f f e c t s  

t he  i n t e n s i t y  and not  t he  r e l a t i v e  abundances of p a r t i c l e s  of the  

same charge t o  mass r a t i o  (Z/M) and t h a t  e f f e c t s  on p a r t i c l e s  whose 

Z / M  value v a r i e s  only s l i g h t l y  can  be e s t i m a t e d  reasonably w e l l .  

Un t i l  r e c e n t l y ,  information on the  lowest energy i n t e r v a l  

6 150 MeV/nucleon) w a s  l ack ing  because the  e a r l i e r  experiments 

on t h e  composition had been conducted on ba l loons  which remained 

below a f e w  gm/cm’ of the  atmosphere, and, t h e r e f o r e ,  t hese  

experiments could not  examine the  lowest energy heavy n c c l e i .  
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Beginning i n  1963, data' i n  t h i s  energy i n t e r v a l  began t n  he  c o l ? e c t e d ,  

and subsequent ly  s e v e r a l  experiments flown on sounding rockets  and 

have cont r ibu ted  t o  o u r  knowledge of t h i s  regton.  I n  

a d d i t i o n  t o  the reasons a l r eady  given, t h i s  information has the  

advantage of r e s u l t i n g  from a d i r e c t  measurerient o-i EV-C cosmic 

r a y s ,  uncontaminated by the  i n t e r a c t  iozls of t hese  p a r t  ic'hes i n  

the  atmosphere. I n  t h i s  paper ,  the r e s u l t s  of nuc lea r  emulsion 

sounding rocket  experiments flown i n  1965 w i l l  be discussed and 

compared t o  previous r e s u l t s .  

I1 THE FXPERIMENT 

The r e s u l t s  t o  be presented  here come from the  l a s t  of a 

series of experiments t o  s tudy  the r e l a t i v e  abundances of the  l o w  

energy g a l a c t i c  cosmic ray n u c l e i  using nuc lea r  emulsions flown 

on sounding rockets  from F o r t  Churchi l l .  The f i r s t  exposures i n  

the  ser ies  were obtained i n  September, 1963 and J u l y ,  1964; 

the r e s u l t s  of these  f l i g h t s  have been reported previously'  ' 0  

The d a t a  t o  be discussed he re  w a s  gathered during sounding rocket  

f l i g h t s  on June 1 7  and June 23,  1965. 

The s t a c k s  of nuc lear  emulsions were placed two t o  a t r a y  i n  

t h r e e  t r a y s  which could be exteided a t  a l7.5O angle  wi th  r e spec t  

t o  the  s k i n  of an  Aerobee 150 rocket .  'The t r a y s  were kep t  i m i d e  

t h e  payload u n t i l  t he  sounding roc-ket had l e f t  t h e  a tnosphere ,  

a t  which time they were extended. A s  t he  t r a y s  were extended, 

t h e  top  emulsion segments which cons is ted  of a s a n d s k h  of a 

200 p I l f o r d  G-2 emulsion and a 200 p, I l f o r d  G - 5  e ~ ' i 1 s i o n  were 
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displaced by l c m  from the  remainder of the  nuc lea r  ernulsior! s t a c k s  

so  t h a t  subsequent matching of t h e  t r acks  would al low the  i s o l a t i o n  

of those p a r t i c l e  t r acks  which en tered  dur ing  the  exposure.  The 

exposure las ted about 350 seconds,  a f t e r  which the  t r a y s  were 

r e t r a c t e d ,  and the  top sandwich s e c t i o n  of each s t a c k  w a s  r e s to red  

t o  i t s  i n i t i a l  p o s i t i o n  i n  p r e p a r a t i o n  f o r  re -en t ry  i n t o  t h e  a t -  

mosphere. Extension and r e t r a c t i o n  each took about  7 seconds.  

Except fo r  t he  top sandwich, t h e  nuc lea r  emulsion d e t e c t o r s  were 

600 p I l f o r d  G-5  p e l l i c l e s ,  6 .3  c m  x 29 cm. The t o t a l  arrount c f  

m a t e r i a l  above the  top emulsion w a s  .041 g/cm' (ernuslion e q u i v a l e n t ) ,  

and there  was .026 g/cm2 between the  top  sandwich and the  rest  

of t h e  s tack .  

Af te r  process ing ,  two types of a n a l y s i s  were begun, one t o  

d e t e c t  p a r t i c l e s  of charge 3 o r  more and one t o  measure t h e  low 

energy helium n u c l e i  f l ux .  I n  the  former, t he  200 p G - 5  p l a t e s  

i n  the  top sandwich were a r e a  scanned f o r  the  t r acks  of a l l  p a r t i c l e  

e n t e r i n g  t h e i r  su r f ace  w i t h i n  a d i p  angle  < 65' and w i t l ?  an  i o n i z a t i o n  

g r e a t e r  than a s p e c i f i e d  amount. The minimum i o n i z a t i o n  accq te -d  

was s e t  s u f f i c i e n t l y  low t o  in su re  t h a t  a l l  t r a c k s  forned by, 

p a r t i c l e s  w i th  Z = 3 and an  energy 

selected.  I n  p r a c t i c e  t h i s  meant many of the  p a r t i c l e s  of charge 

2 were a l s o  included i n  the  pre l iminary  s e l e c t i o n 7 .  These t r acks  

were then followed i n t o  the  main s t a c k  and all t r acks  which f a i l e d  

t o  follow d i r e c t l y  ( i . e .  were d isp laced  by I an wi th  r e s p e c t  tc 

the  top p e l l i c l e )  o r  f a i l e d  t o  s t o p  i n  the  s t ack  were r e j e c t e d .  

Charges of t he  p a r t i c l e s  w i th  Z 2 3 were d e t e m t n e d  i n  a ntanner 

250 MeV/nucPeon wobld be 
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e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  used  i n  t h e  e a r l i e r  paper*. 

s o l i d  angle  c a l c u l a t i o n  and the  e f f i c i e n c y  precaut ions  were a l s o  

the  same as those repor ted  previous ly4  and w i l l  no t  be repeated 

here .  

The 

I n  the  case  of t he  helium n u c l e i  a n a l y s i s ,  scans a t  an  

a p p r o p r i a t e l y  lower i o n i z a t i o n  l e v e l  were made and t h e  s e p a r a t i o n  

of t h e  helium n u c l e i  from s i n g l y  charged p a r t i c l e s  and heavy 

n u c l e i  was made on the  b a s i s  of the range of t he  p a r t i c l e  i n  the  

emulsion s t a c k  and the  g r a i n  dens i ty  of t h e  p a r c i c l e  t r a c k  i n  

the  200 p G-2 nuc lea r  emulsion. The s e p a r a t i o n  of doubly charged 

n u c l e i  from s i n g l y  and mul t ip ly  charged n u c l e i  was quLte unambiguous, 

b u t  t he  r e s o l u t i o n  w a s  no t  s a t i s f a c t o r y  t o  s e p a r a t e  c l e a r l y  H e 4  and 

He3. 

helium n u c l e i  d e t e c t i o n  e f f i c i e n c y  could be v e r i f i e d  by the  recorded 

number of s i n g l y  charged p a r t i c l e s  of apprec iab ly  lower g r a i n  

d e n s i t y  than t h a t  f o r  t he  h igh  energy l i m i t  of the  helium n u c l e i .  

I n  a d d i t i o n  t o  the  rescanning t e s t  f o r  e f f i c i e n c y ,  t he  h igh  

The energy i n t e r v a l  was determined by the  minimum range accepted 

f o r  charge de te rmina t ion  on the  low end and by the  range r e s t r i c t i o n  

imposed by the  f i n i t e  s i z e  of the  s t ack  on t h e  o t h e r .  Since the  

range of a nucleus of given energyfnucleon is a decreas ing  func t ion  

of Z'/M, 

up i n  energy as Z increased .  Thus t h e  energy i n t e r v a l  examined f o r  

the n u c l e i ,  of Z 2 3 ranged from about 30 t o  120 MeV/nucleon f o r  iight 

n u c l e i  ( 3  5 Z S 5) t o  60 t o  300 MeV/nucleon f o r  t he  very heavy 

n u c l e i  (20 5 Z S 28). 

t he  energy i n t e r v a l  w a s  a func t ion  of charge and moved 
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I11 EXPERIMENTAL RESULTS 

There a r e  two somewhat r e l a t e d  s u b j e c t s  of i n t e r e s t .  These 

nd the  a r e  t h e  energy s p e c t r a  of t he  var ious  nuc lear  components 

r e l a t i v e  abundances of t h e  var ious charge s p e c i e s .  The former a r e  

time dependent because of t he  s o l a r  modulation of t he  cosmic 

r a d i a t i o n ,  whereas the  l a t t e r  seem t o  be time independent f o r  

p a r t i c l e s  of the same charge t o  mass r a t i o ,  presumably because 

t h e  s o l a r  modulation i s  a func t ion  of v e l o c i t y  and r i g i d i t y  (and 

hence Z/M), b u t  no t  of charge.  

A.  Energy Spec t ra  

The energy s p e c t r a  of t he  var ious  charge groups obta iced  iz l  

t he  two 1965 rocket  exposures a r e  shown i n  F ig .  l. Since wi th  one 

exception the re  was no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  between 

the  f luxes measured i n  the  two f l i g h t s  t he  da t a  i n  gene ra l  have been 

combined. The one except ion i s  t he  lowest energy helium. nuc le i  p o i n t  

i n  the  energy i n t e r v a l  between 15 and 22.5 MeV/nucleon, where the  

p o i n t s  l i e  about t h ree  t o  four  s tandard  dev ia t ions  a p a r t .  A l s o  

shown i n  F ig .  1 a r e  the  experimental  r e s u l t s  we obtained i n  1 9 6 4 .  

Fig .  2 shows some r e p r e s e n t a t i v e  d a t a  on helium and medium n u c l e i  

obtained by o t h e r  groups a t  t imes when the  d i f f e r e n t i a l  f luxes  

expected t o  be similar only somewhat h igher  on the  b a s i s  of the  

gene ra l  l e v e l  of cosmic ray  a c t i v i t y .  General ly  t h e r e  is seen t o  

be reasonable agreement wi th  the  except ion  of f l u c t u a t i o n s  i n  

the  low energy helium n u c l e i  d i f f e r e n t i a l  f l u x  measurements, and a 

gene ra l  tendency f o r  t he  d a t a  obtained during May and e a r l y  June 

by Comstock e t  a1. ,3  Fan e t  a l . , b  and Balasubrahmanyan e t  a l . , ”  t o  



f a l l  s l i g h t l y  h igher  than the  da t a  presented here .  

l i g h t  n u c l e i  and heav ie r  n u c l e i  obtained by Comstock e t  a l . ,  

Balasubrahmanyan e t  a l .  ,a i n  the  energy reg ion  which overlaps t h i s  

a l s o  show similar agreement, b u t  were no t  included i n  the  Fig.  2 

t o  avoid confusion.  

Data on the  

3 and 

There are s e v e r a l  p o i n t s  which a re  immediately apparent .  

F i r s t l y ,  t h e r e  was e s s e n t i a l l y  no s i g n i f i c a n t  change between t h e  

d i f f e r e n t i a l  f l u x  measurements i n  the four  groups of n u c l e i  w i t h  

Z 2 3 between J u l y  1964 and June 1965 except  t h a t  t h e  l a t t e r  

g e n e r a l l y  f a l l  below t h e  former. This r e s u l t  i s  i n  agreement 

wi th  t h e  f a c t  t h a t  t h e  cosmic ray l e v e l s ,  as measured by the  

Deep River  neutron monitor ,  and l i s t e d  i n  Table I, were nea r ly  

i d e n t i c a l .  Secondly, t he re  is gene ra l ly  a smooth con t inua t ion  

between the  low energy d a t a  measured i n  these  experiments and the  

h ighe r  energy da ta ,wi th  t h e  medium ( 6  4 2 S 9) n u c l e i  seeming t o  

show l e s s  v a r i a t i o n  wi th  energy than the  helium n u c l e i  i n  the  

energy range from 30 t o  150 MeV/nucleon. 

been noted by Comstock e t  a1..,3 and Balasubrahmanyan e t  a l .  

t h e r e  seems t o  be  a marked d i f f e rence  between the  helium f luxes  below 

This  f e a t u r e  has a l s o  

7 Thi rd ly  

30 MeV/nucleon observed a t  d i f f e r e n t  times. These d i f f e r e n c e s  

seem t o  be roughly c o n s i s t e n t  wi th  t h e  changes i n  the  gene ra l  l e v e l  

of s o l a r  a c t i v i t y .  

Comstock e t  a1. ,3  Balasubrahmanyan e t  a l . , 2  obtained i n  the  May 

1965 pe r iod  when t h e  gene ra l  cosmic r ay  l e v e l s  were h ighes t  

l i e  above those  of Fan e t  a l . , "  and Comstock e t  a l . ,  

i n  November and December 1964 and the d a t a  of t h i s  work and 

Hagge e t  a l .  ," taken a f t e r  the  Forbush decrease  i n  June 1965. 

For example, t h e  d a t a  of Fan e t  ai . , '  

3 obtained 
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The medium n u c l e i  of t h i s  work a l s o  f a l l  below t h e  May 1965 r e s u l t s  

of Comstock e t  a1.,3 and Balasubrahmanyan e t  a l . , a  which a r e  

a c t u a l l y  much c l o s e r  t o  the  J u l y  1964 resu l t s  of Reames and Fich te14  

Fur the r ,  t he  helium f l u x  i n  t h i s  lowest energy i n t e r v a l  was lower 

on June 17,  1965, 2 days a f t e r  t he  Forbush decrease ,  than on 

June 23, 1965 when a s i g n i f i c a n t  neutron monitor recovery had 

taken place.  A more q u a n t i t i v e  d e s c r i p t i o n  of t he  gene ra l  cosmic 

ray  l eve l s  a t  t hese  times can be seen  i n  Table  I ,  which g ives  the  

neutron monitor l e v e l s  f o r  t he  var ious  t imes.  F i n a l l y ,  the  

s u r p r i s i n g l y  high f luxes  of heavy n u c l e i  below 130 MeV/nucleon f i r s t  

observed i n  1963l a r e  now c l e a r l y  e s t a b l i s h e d  by the  measurements 

of t he  seve ra l  groups r e fe r r ed  t o  he re ,  and these  f luxes  must 

be explained by any theory of cosmic r ay  o r i g i n ,  i n t e r s t e l l a r  

t r a v e l ,  and s o l a r  modulation. 

TABLE I 

Date 

J u l y  23, 15'i 

J u l y  35, 19CtG 

T y p l c n l  Flay - early June, 1945 

June 17, :965 

June 23, E'i65 

* Scaled t o  o l d  r e d i n g s  
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B. Composition 

A charge histogram of a l l  p a r t i c l e s  ( Z  2: 2.5) wi th in  t h e  acceptance 

c r i t e r i a  of the 1965 exposure i s  shown i n  Fig.  3 .  The charge of 2ach 

p a r t i c l e  w a s  determined by th ree  independent de l t a - r ay  counts  on i t s  

t r ack  us ing  the  technique descr ibed  previously.  Tracks of l i g h t  

p a r t i c l e s  were f u r t h e r  resolved by a count of t h e i r  g r a i n  d e n s i t y  

i n  the  K.2 p e l l i c l e  vs .  r e s i d u a l  range. 

Flux r a t i o s  of s e v e r a l  charge groups a r e  shown i n  TabLe 'I1 

t oge the r  w i t h  the  energy i n t e r v a l  from which they came. I n  an  

a t tempt  t o  imJrove s t a t i s t i c s  we have combined the  d a t a  of the  1964 

and 1965 experiments.  These r e s u l t s  a r e  a l s o  shown i n  the  t a b l e .  

The high va lue  of the  He/M r a t i o  shown i n  Table  11 r e s u l t s  

mainly from the  r a t h e r  low value of  the f l u x  of nedium n u c l e i  obtained 

i n  1965 i n  the  low-energy region.  It is  not  c lear  whether the  f%Ex 

of medium n u c l e i  is r e a l l y  f a l l i n g  toward low ene rg ie s  o r  the  lowest  

energy f l u x  measurement is  a s t a t i s t i c a l  f l u c t u a t i o n .  

One of t he  most s i g n i f i c a n t  f e a t u r e s  of t h e  low energy d a t a  

repor ted  h e r e  is the  va lue  of L/M = 0.19 - + 0.07 i n  t h e  40-90 MeV/obclem 

region.  This  value i s  compared wi th  o t h e r  measurements (made a t  

g 8 g/cm2 r e s i d u a l  atmosphere) i n  Table 111. As can  be seen  from 

the t a b l e ,  t he  value of the L/M r a t i o  a t  low and a t  h igh  ene rg ie s  

is  cons iderably  sma l l e r  than the  value L/M 31 .5 near  400 MeV/-lucleon. 

The energy dependence of t he  observed L/M r a t i o  now s e e m  t o  be w e l l  

e s t a b l i s h e d  and should be explained by any theory of cosmic-ray 

o r i g i n  and propagation. 
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TABLE I11 Energy Dependence of t he  L/M Ra t io  

source Atmospheric Depth of 
Measurement (g/crn’ ) 

L/M Energy 
MeV/nucleon 

40 - 90 

60 - 150 

100 

150 - 250 

200 - 575 

200 - 700 

200 - 700 

200 - 700 

200 - 1000 

260 - 360 

0.19 - + 0.07 

0.26 - + 0.04 

0.29 + 0.07 

0.38 - + 0.13 

0.45 - + 0.06 

0.53 - + 0.11 

0.51 - + 0.07 

0.37 + 0.05 

- 

- 
0.43 - + 0.07 

0.47 - + 0.04 

0 

0 

0 

2.7 

3.7 

4.7 

1.5-2.5 

8 .0  

3.8 

2-6 

0.42 - + 0.05 2-6 

0.50 + 0.05 2-6 

0.53 - + 0.04 2-6 

400 - 800 0.28 - + 0.08 5.0 

- 350 - 450 

0.37 + 0.04 2-6 - 450 - 600 

0.47 0.04 2-6 

600 - 800 0.32 2 0.04 2-6 

0.48 + 0.05 2-6 

800 - 1200 0.34 - + 0.04 2-6 

0.38 + 0.03 2-6 

1000 - 2000 0.33 - + 0.03 2-6 

2000 - 5000 0.25 2 0.04 2-6 

- 

- 

This  Work 

Cornstock e t  a l q 3  

Balasubrahmanyar e t  a l a  

Mahqv i s  t9 

Anand e t  a l O x 0  

Badliwar e t  a1.I’ 

Koshiba e t  a l . I a  

A i m  e t  a l .13 

Fos t e r  & Debenedetti14 

Webber16 and 
Webber e t  al..”’ 

Balasobrahiianyan & 
Mc D ona 1 d’ ‘I 

WebberL6 and 
Webber e t  a I o L 6  



> 5000 C.29 - + O.i,:5 2- 6 '?cbbtl.: et a1.l" 
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I n  F ig .  4 w e  p l o t  t h e  abundance of the  elements and e le r -en t  

groups r e l a t i v e  t o  oxygen. Data represented i n  t h i s  f i g u r e  come fron! 

both  t h e  1964 and 1965 experiments.  The d a t a  on a g iven  spec ie s  

are taken from the  same energy/nucleon i n t e r v a l  as the  oxygen 

group t o  which they a r e  conpared. The i n t e r v a l s  a r e  as foylows: 

Z = 3 ,  4 from 40 t o  90 MeV/nucleon; Z = 5 from 40 t o  120 MeV/nuc!.ecn; 

Z = 6,  7 from 40 t o  150 MeV/nucleon; Z > 8 from 60 t o  180 MeV/nucleon. 

This  type of comparison i s  l e s s  dependent on Ehe shapes of t h e  

s p e c t r a  than  i s  a r a t i o  of simple averages of f luxes  over t he  energy 

i n t e r v a l  from which they were obtained. E r ro r  ba r s  i n  F i g .  I include 

e r r o r s  i n  charge r e s o l u t i o n  a s  w e l l  a s  s t a t i s t i c a l  e r r o r s .  The r e s u l t s  

shown i n  Fig.  4 a r e  i n  s t a t i s t i c  agreement wi th  those  obtained by 

Coms tock e t  a l  .3 

The individual-nucleus compos i t i o n  i n  cha rac t e r i zed  by low 

abundances of n u c l e i  of odd charge r e l a t i v e  t o  those of even charge,  

a s  can  be seen  i n  Fig.  4.  Our measurements of the  abundances of 

a l l  elements of odd Z 2 9 a r e  a c t u a l l y  upper l i m i t s .  A s  seen  i n  

Table 11, w e  f ind  N / O  = 0.30 f!:;; (where the  e r r o r  ba r s  inc lude  

e r r o r s  i n  charge assignment) so  t h a t  n i t rogen  comprises only about 

15% of t h e  f l u x  of medium nuc le i .  

Of equal  i n t e r e s t  i n  the  carbon t o  oxygen f l u x  r a t i o  which 

w e  f i n d  t o  be .94 - + .21. The approximate e q u a l i t y  of these two 

spec ie s  has a l s o  been repor ted  by Balasubrahmanyan e l  al.: by 

Comstock e t  a1.,3 and by Ma1mqvist9 a t  t h e  same o r  s l i g h t l y  h igher  

ene rg ie s .  

The d i f f e r e n c e  between the  recent  low-energy composition 

measurements on sounding rockets  and s a t e l l i t e s  and previous h igher -  
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energy measurements on ba l loons  thus p e r s i s t s .  A s  we have suggested 

previously4,  t h i s  d i f f e rence  could r e s u l t  p a r t i a l l y  o r  

the e f f e c t  of the r e s i d u a l  atmosphere above the  ba l loon  measurements. 

I n  order  t o  conclusively e s t a b l i s h  any r e a l  energy dependence i n  

the r e l a t i v e  composition of i nd iv idua l  elements we mus t  awai t  f u r t h e r  

high-energy measurements above the  atmosphere. 

wholly from 



FIGURE CAPT IONS 

Fig .  1 D i f f e r e n t i a l  energy spec t r a  f o r  the charge groups 

ind ica ted  below 

J u l y  June 1 7  June 23 
1964 1965 1965 

He a s t e r i s k  c ros s  
L i ,  B e ,  B: open c i rc le  c losed  c i r c l e  
C y  N ,  0 : open square c losed  square  

10 2 2 28: open t r i a n g l e  c losed  t r i a n g l e  
20 S Z 5 28: open diamond c losed  diamond 

F ig .  2 D i f f e r e n t i a l  energy spec t r a  f o r  helium and medium n u c l e i  

measured by s e v e r a l  groups. 

Nucle i  Type Measurement Date 

Helium Nuclei:  Oct. - Nov., 1964 

Helium Nuclei: Mar. 19 - June 1 2 ,  1965 

H e l i u m  Nuclei:  May - June, 1965 

Helium Nuclei:  June 1 7 ,  1965 

Helium Nuclei :  June 23 ,  1965 

Helium Nuclei:  Sept . ,  1965 

Medium Nuclei :  Mar. 19 - June 1 2 ,  1965 

Medium Nuclei:  May - June, 1965 

Medium Nuclei:  June 17 - 23, 1965 

Ref. - Symbol 

dashed l i n e  5 ,6  

open t r i a n g l e  2 

s o l i d  l i n e  395 

a s t e r i s k  This  Work 

c r o s s  This  Work 

open c i r c l e  7 

open diamond 2 

open square  3 

c losed  square This  Work 

F ig .  3 Histogram of measured charge i n  the  1965 exposures .  
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Fig .  4 Rela t ive  number of n u c l e i  of i nd ica t ed  charge,  Z ,  wi th  

r e spec t  t o  oxygen i n  the  energy/nucleon i n t e r v a l  given 

below 

Charge 

334 

Energy I n t e r v a l  

40 - 90 MeV/nucleon 

40 - 120 MeV/nucleon 

40 - 150 MeV/nucleon 

z>8 60 - 180 MeV/nucleon 



- 1 7  - 

REFERENCES 

1. 

2. 

3. 

4 .  

5. 

6. 

7 .  

8 .  

9. 

C. E. F i c h t e l ,  D. E. Guss and K. A. NeePakantan, Phys, Rev. 138 
B732 (1965). 

V. K. Balasubrahmanyan, D. E. Hagge, G .  H. Ludwig  and 

F, B. McDonald, J. Geophys. Res. 2, 1 7 7 1  ( i966 j .  

G .  M. Comstock, C. Y. Fan and J. A. Simpsor,, Astropgys.  J. l L 6 ,  

51 (1966). 

D. V. Reames and C.  E. F i e h t e l ,  Phys- Rev. 149, 991 (1966). 

C. Y. Fan, G .  Gloeckler ,  K. C. Hsieh and J. A. Simpson, 

Phys. Rev. Letters l6, 813 (1966). 

C. Y. Fan, G.  Gloeckler  and J. A. Simpson, Proceedings of 

the  Ninth I n t e r n a t i o n a l  Conference on C 0 s m i . c  Rays, London (1965) 

V. K .  Balasubrahmanyan, D. E. Hagge and F. B. McDonald, p r i v a t e  

corn-unication of wcrk t o  be publ ished.  

Courtesy of D r .  H. Carmichael. 

10. K. C .  Anand, S. Biswas, P. J. Lavakare, S. Ramadura, N .  S reenivasan ,  

V.  S .  Bha t i a ,  V.  S. Chohan and S.  D.  Pabbi ,  J.  of Geophys, Res. 2, 

4687 (1966). 



- 18 - 

11. G. D. Badhawar, S. N e  Devanathan and M. F. Kaplon, J. Geophys. 

Res. 2, 1005 (1965). 

1 2 .  M. Koshiba, E. Lohrman, H. Aizu and E.  T a m a i ,  Phys. Rev. 131, 
2692 (1963). 

13.  H. Aizu, Y Fujimoto, S. Hasegawa, M. Koshiba, I. Mito, 

J.  Nishimura and K. Yakoi, Suppl. Prog. Theoret .  Phys. 

(Kyoto) 16, 54 (1960). 

14. F. Fos t e r  and A. Debenedet t i ,  Nuovo Cimento 28, 1190 (1963). 

15. W. R.  Webber, Proceedings of the  Ninth I n t e r n a t i o n a l  Conference 

on Cosmic Rays, V e l .  1, 403 (1965). 

16. W. R. Webber, J. F. Ormes and T .  Von Rosenvinge, Proceedings 

of the Ninth I n t e r n a t i o n a l  Conference on Cosmic Rays, Vol. I ,  

407 (1965). 

1 7 .  V. K. Balasubrahmanyan and F. B .  McDonald, J.  Geophys. R e s .  

- 69, 3289 (1964). 

18. F. W. O ' D e l l ,  M. M. Shapiro,  B. S t i l l e r ,  J. Phys. SOC., Japan 2 
Supp. A 111, 23 (1962). 

19. N .  Durgaprasad, The Charge Composition of t h e  Primary Cosmic 

Ray Nucle i  of Z 2 3, Ph. D. Thes i s ,  Un ive r s i ty  of Bombay (1964). 



n 

z 
0 
W 
J 
0 
3 
z 
\ > 
w 
=E 

I a 
v) 
I 
0 
W 
v) 
I 

al z 
U 

\ 
v) 
w 
J 
0 
F a 
a 
n 

T 

KINETIC ENERGY (MeV/ NUC ) 

Figure  I 



t 

r 

KINETIC ENERGY 1 NUCLEON (MEW 

Figure  2 



t 

t M 

t a  L 

t P, 

CL 
.- 

S Y 3 W U  A 0  'ON 



1.0 
t 

+ it t 

Figure 4 


